Neutron diffraction and inelastic spectroscopy is used to characterize the magnetic Hamiltonian of SrHo2O4 and SrDy2O4. Through a detailed computation of the crystal-field levels we find sitedependent anisotropic single-ion magnetism in both materials and diffraction measurements show the presence of strong one-dimensional spin correlations. Our measurements indicate that competing interactions of the zig-zag chain, combined with frustrated interchain interactions, play a crucial role in stabilizing spin-liquid type correlations in this series.
Geometrically frustrated magnetic materials have proven to be a fertile area of condensed matter research. Competition between interactions can lead to macroscopic degeneracies and novel states of matter with emergent properties, providing 'toy models' for statistical mechanics and examples of exotic quasi-particle excitations. A prime example are the rare-earth titanates in which the combination of the rare-earth ion dependent crystal field anisotropy and a highly frustrated lattice produce a rich array of novel magnetic materials with both classical and quantum spin liquid phases [1, 2] . SrR 2 O 4 belongs to a recently discovered family of geometrically frustrated rare-earth materials that features non-trivial ground states [3] [4] [5] [6] [7] . The rare earth sites (R) form a honeycomb in the ab plane ( Fig. 1 .a) and a triangular ladder along the c-axis ( Fig. 1.b) . SrHo 2 O 4 was shown to have a one-dimensionally correlated state at low temperatures, with moments that lie along either the b or c axes [7] , whereas SrDy 2 O 4 shows only short-range order and weak diffuse scattering [3] . In this Letter, we will demonstrate: firstly, that the two rare-earth sites feature a strong anisotropy pointing along the b or c axes, respectively; secondly, that SrDy 2 O 4 features one-dimensional correlations with up-up-down-down local order, but remains disordered on long length scales to the lowest measured temperatures. We argue that the magnetism in SrR 2 O 4 can be mapped on to the Ising J 1 -J 2 spin chain model, and that the competing interactions of this model play a crucial role in the stabilization of the spin liquid state in SrDy 2 O 4 [8] [9] [10] .
The relation between the ladder structure and the J 1 -J 2 model can be understood from Fig. 1 , where the rungs and legs correspond to the J 1 and J 2 interactions, re- showing the hexagonal arrangement of the atoms in the ab plane, b) the Dy4c1 ladder structure with the J1-J2 exchange pathways. [3] spectively. Theory predicts that in S = 1 2 systems with antiferromagnetic J 1 , when J 2 > J 1 /2, the ground state changes from a simple antiferromagnetic Néel, ↑↓↑↓, state to an up-up-down-down, ↑↑↓↓, double Néel configuration [8, 11] . On the application of a magnetic field the system enters an up-up-down phase, seen as a 1 3 magnetisation plateau at H = -J 1 /2 + J 2 and finally saturates into a ferromagnetic phase, when H = J 1 + J 2 , in which all of the moments are aligned with the applied magnetic field [9, 11, 12] [10]. Despite several examples of Heisenberg J 1 -J 2 [13] [14] [15] , and J 1 Ising [16] [17] [18] , materials there are few previous examples that meet the criteria for the Ising J 1 -J 2 chain model [19] , and none that can test the phase diagram at the classical limit.
The SrR 2 O 4 crystallographic structure is described by the P nam space group, and each unit cell contains a total of eight R atoms that are divided into two inequivalent 4c sites (4c 1 and 4c 2 ) at the center of distorted, edgesharing, oxygen octahedra ( Fig. 1) [3] . The 4c 1 and 4c 2 sites form separate zig-zag chains, with rung exchanges J 1c1 and J 1c2 , and leg exchanges J 2c1 and J 2c2 . The R ions have a monoclinic site symmetry and the free ion ground state of the R atoms is split into the maximum possible number of levels. For the 5 I 8 , Ho 3+ ion, with an integer value for J, we expect 2J + 1 = 17 singlets and for the 6 H 15/2 , Dy 3+ , with a half integer value for J, the site symmetry gives rise to J + 1/2 = 8 doublets [20] . Magnetisation studies suggest that each of the sites, in both the Ho and Dy materials, have large single-ion anisotropies, with b and c easy-axis directions [5] . The measured entropy indicates that the Dy moments have S = 1 2 degrees of freedom [21] . To determine the crystal field excitations and determine the magnetic single-ion anisotropies, inelastic neutron scattering experiments were performed on powder samples of SrDy 2 O 4 and SrHo 2 O 4 prepared by the method described in Ref. [3] . The inelastic neutron spectra of the Dy compound were recorded with an incident energy E i =18 meV, 79 meV and 117 meV at temperatures of T=20 K, 50 K and 80 K, on the HET time-offlight spectrometer, ISIS. The Ho compound was mea- sured with an incident energy of E i =18 meV, 70 meV and 79 meV at temperatures of T=5 K, 50 K, 80 K, and 150 K on the HET spectrometer. Low energy SrHo 2 O 4 spectra were further measured on the time-of-flight spectrometer FOCUS at PSI at dilution temperatures. The resolution of the spectrometers was determined from fits to the elastic line. The instrumental background of the Dy data was found from a polynomial fit to the 117 meV data, which was then scaled by the incident energy. Due to the low symmetry of ion sites the excitations were modeled using a point charge calculation [22] . These calculations capture the intra-atomic electrostatic interactions, the spin-orbit coupling and the effect of the crystal electric field, where the potential for the crystal field interaction at a specific site is given by:
Fits to spectra on the meV energy scale are insensitive to the electrostatic and spin-orbit coupling, and hence only the crystal field scaling factor, S xtal can be refined. The values found for SrDy 2 O 4 are S 4c1 xtal = 0.35 and S 4c2 xtal = 0.53, whereas for the Ho analogue we find S 4c1 xtal = 0.62 and S 4c2 xtal = 0.70. As S xtal is dependent on the orbital overlap or covalency of the atom, the lessthan-one scaling values may mean a significant f -orbital contraction is taking place, and/or the charges allocated to ions (Dy 3+ , Ho 3+ , Sr 2+ , O 2− ) are overestimated. The excitations are described as Lorentzians, which are convoluted with a Gaussian to replicate the instrumental resolution [23] . The peak positions are calculated to the nearest meV. Although the range 20-70 meV was used for the fit Fig. 2 shows that the low energy spectra is well described and the temperature dependence correctly reproduced.
The fits show that the first excited states of the Dy 3+ crystal field levels are found at 4 meV and 29 meV above the ground state doublet for the 4c 1 and the 4c 2 sites, respectively. For Ho 3+ , the splitting between the ground state and excited singlet levels is only about 1 meV for the 4c 1 site, and smaller than the computational accuracy of 0.3 meV for the 4c 2 site. The magnetisation ellipsoid can be determined from our model by calculation of the expected magnetic moment along the three crystallographic axes. The ground state doublet is considered in the case of Dy. In the case of Ho it was assumed that the first excited state is equally populated. The calculated moments, shown in Table I , of both the Ho and Dy materials have an anisotropy, with the moment on the 4c 1 site lying predominantly along the c axis and the moment on the 4c 2 lying along the b axis. Therefore, the fits indicate a strong Ising anisotropy in both materials.
In order to experimentally determine the magnetic structure, neutron diffraction data were collected between T=50 mK and T=15 K for SrDy 2 O 4 and between T=50 mK and T=25 K for SrHo 2 O 4 using the diffractometer HRPT, PSI [24] . The crystalline and magnetic structures were refined simultaneously with the Rietveld refinement method implemented in Fullprof [25] and the crystallographic structure was found to agree well with the published P nam structure (χ The features are nearly vertical on the low-|Q| side and decay slowly on the high-|Q| side, which is reminiscent the powder diffraction signature of 1D correlations [26] .
In order to analyze the diffuse magnetic scattering, the high temperature nuclear scattering (with a Gaussian background subtraction) was subtracted from the low temperature data (T Ho = 0.8 K, T Dy = 0.05 K) to leave only the diffuse and paramagnetic scattering. The data were then modelled by a combination of: a straight line, to capture the paramagnetic scattering; a damped sine wave, to describe the scattering from short-range correlations; and a powder averaged model of reciprocal space with Q=[0 0 n + 0.5] planes of intensity, to fit the 1D scattering. The planes of scattering were assumed to be flat in the hk plane, and the width in the l direction could be controlled. The different contribution from each component of the model were multiplied by the magnetic form factor and fitted with a scale factor.
The best fit to the Ho data, (χ 2 = 7.02), was given by a model with planes of intensity with a width of 0.035 r.l.u. in the l direction, which gives a correlation length of 97.4 A for the magnetic correlations along the c axis (see Fig.  4 ). The sine wave background was found to give a large amount of intensity centered Q = 0.567Å −1 , close to the position of Q= [0 0 1] Bragg peak, Q = 0.528Å −1 , and indicates simultaneous short range 3D magnetic correlations, which are not in the [h k 0.5] plane. Assuming that the one-dimensional contribution to the diffuse scattering is from one site only, the integrated intensity of the scattering gives a moment size of 7.7(9)µ B , equivalent to the size of the ordered moment found from the refinement of the ordered phase.
The best fit to the Dy data (χ 2 = 12.5) was found with a scattering model that was 0.055 r.l.u. wide in the l direction, which corresponds to a correlation length of 62Å along the c axis. Due to the substantial absorption of natural Dy only the region Q < 2.5Å −1 was included in the fit. The sine wave background suggests a slight development of correlations with a maximum at Q = 0.582Å −1 , but the intensity is much less significant than that found in SrHo 2 O 4 consistent with a much weaker tendency to long-range order in SrDy 2 O 4 compared to SrHo 2 O 4 .
The diffuse scattering indicates that 1D magnetic correlations are found in both of these materials, and that in SrHo 2 O 4 this coexists with short-range 3D correla-tions. The 1D magnetic correlations can be understood to be dominated by interactions along the c axis and the interchain-interaction to be extremely weak, to allow the 1D state. Finally, because the scattering lies in the Q=[h k n + 0.5] planes the local order within the chains must be antiferromagnetic and similar to the magnetic order found below T N in SrHo 2 O 4 .
Below T N = 0.66 K the quasi-long-range ordered magnetic structure of SrHo 2 O 4 (the magnetic scattering is not resolution limited and single crystal measurements have shown the scattering is broad at all temperatures, [7] ) was found to have two types of magnetic order with different propagation vectors, k 0 =(0,0,0) and k 1 2 =(0,0, 1 2 ) (χ 2 =9.48). These positions correspond to the two different components of the diffuse scattering. The k 0 order is described by the Pna m Shubnikov group with moments that are anti-ferromagnetically aligned along the c axis. The moment size is 6.080(3) µ B on the first site and 0.130(3) µ B on the second site, in good agreement with with Ref. [27] .
The
2 ) component of the magnetic order, not determined in previous refinements, consists of moments with a magnitude of 7.740(3)µ B along the b axis, which propagate in an up-up-down-down configuration along the chain. Each type of order is predominantly associated with only one of the crystallographic sites, which we can uniquely assign due to the local anisotropy found from the crystal field calculations: the k 0 order condenses on the 4c 1 site and k 1 2 order on the 4c 2 site (Fig. 5) . The up-up-down-down, k 1 2 magnetic structure, is equivalent to that expected for a finite Ising chain when J 2 /J 1 > 1/2 [10, 11] . Our refinement of the k 1 1 3 plateau when a magnetic field is applied along the b axis, [5] i.e. parallel to the spins within the 4c 2 up-up-down-down chains, and perpendicular to the spins on the 4c 1 sites. The plateau is predicted within the Ising J 1 − J 2 model and the observation strongly supports the conclusion that SrHo 2 O 4 and SrDy 2 O 4 can be described as a classical Ising J 1 −J 2 chain. The plateau corresponds to an up-updown magnetic structure, which precedes a ferromagnetic phase in the S = 1 2 model, or an incommensurate phase followed by a ferromagnetic phase in the classical model [10, 12] .
The cross-over to the plateau region in SrHo 2 O 4 and SrDy 2 O 4 is H = 0.59 T and H = 0.16 T and to the saturated phase at H = 1.2 T and H = 2.03 T, respectively [5] , which gives J 2 /J 1Ho = 1.95 and J 2 /J 1Dy = 0.628. The nearest and next-nearest neighbor interactions are thus strongly competing, locating the magnetism of the zig-zag chains in the limit of J 2 /J 1 > 1 2 . The findings strongly suggest that SrDy 2 O 4 is a model system for the classical Ising J 1 − J 2 chain close to its quantum critical point and the emergence of the 1D magnetic correlations is the result of strong spin anisotropies and of frustrated interchain interaction.
The spin anisotropy leads to the emergent 1D magnetic physics in these materials as the magnetic moments on neighboring chains are, in the most part, orientated perpendicular to each other. Symmetric exchange, therefore, can not induce interchain correlations. Furthermore, our symmetry analysis of the allowed Dzyaloshinskiy-Moriya (DM) interactions shows that they favor interchain order that is incompatible with the dominant spin correlations in the zig-zag chain. The materials can, therefore, be understood as having a dimensional reduction due to the spin anisotropy.
It is also clear why SrHo 2 O 4 has a higher tendency to magnetic order than SrDy 2 O 4 : The J 2 /J 1 is much larger for SrHo 2 O 4 than for SrDy 2 O 4 so that less ground state fluctuations can be expected in SrHo 2 O 4 . In fact, J2/J1 for SrDy2O4 puts this material close to the quantum critical point of the J1-J2 chain. In addition, the lesser degree of spin anisotropy in SrDy 2 O 4 may enhance the phase space for fluctuations that can survive to much lower temperatures, and this may also contribute to the stabilization of a spin liquid ground state.
In summary, we determined the spin anisotropies in SrHo 2 O 4 and SrDy 2 O 4 by a fit of the crystal field excitations, and revealed the defining features of the magnetic Hamiltonian of these two materials. We conclude that the spin physics in these materials is dominated by emergent 1D correlations and are described by the J 1 −J 2 Ising chain model. This now makes it possible to study this important model system, including its excitations, in its classical limit in more detail.
